Saprolegnia parasitica Coker is the main agent of saprolegniosis, one of the most important causes of economic losses in the fish farming industry, affecting all developmental stages. In this work the activity of some essential oils are compared with the activity of their isolated chemical constituents (alcohols, aldehydes, ketones, phenols, and hydrocarbons) to evaluate molecular classes active against S. parasitica. This suggests potential new products to use against saprolegniosis. Sixteen commercial essential oils and 37 pure constituents were tested against a strain of Saprolegnia parasitica from cutaneous lesions of Perca fluviatilis Linnaeus, using a continuously agitated broth technique that allows both the Minimum Inhibitory Concentration (MIC) and the Minimum Lethal Concentration (MLC) to be evaluated. It was possible to evaluate the efficacy of each essential oil against S. parasitica in relation to its specific composition and the efficacy of its main constituents. Carvacrol (MIC of 50 ppm and a MLC of 100 ppm) and pcymene (MIC and MLC = 200 ppm) are the main constituents of Origanum vulgare L. and Thymus vulgaris L. (MIC = 100 ppm, MLC = 200 ppm) and are the primarly responsible for the efficacy of these two essential oils against S. parasitica. The structure of the constituents was also evaluated in relation to their activities against S. parasitica. Besides monoterpenic aromatic compounds, the acyclic mono-and sesquiterpenic primary alcohols and aldehydes seem to be the most active compounds. The open chain alcohol 1-decanol [CH 3 -(CH 2 ) 8 -CH 2 -OH] proved to be the most active agent with a MLC = 50 ppm.
Introduction
Saprolegnia parasitica Coker (Saprolegniaceae) is the causative agent of a disease in aquatic animals, known as saprolegniosis, which is responsible for severe damage in all developmental stages of fish. The therapeutic control of such a disease is hard to achieve because the most effective products (e.g., formalin, malachite green) have been prohibited due to their toxicity and persistence in the environment (Meyer & Jorgenson, 1983) . The problems connected with the use of these chemicals stimulates the research for new constituents of natural origin.
In a more extensive study of the use of vegetable products against pathogenic fungi, it has been observed that some essential oils are capable of inhibiting the growth or even causing the death of S. parasitica even at comparatively low concentrations (Tampieri et al., 2001) . The essential oils are extremely volatile substances from vegetable sources; the main components are hydrocarbons aldehydes, ketones, alcohols, phenols, ethers, esters of terpenic and phenolic origin (Thompson, 1989) . In the present survey, the activity of some essential oils against this oomycete were tested in a continuously agitated broth and compared with the activity of some of their individual components in order to evaluate the chemical classes most active against this organism and to identify possible new products to be used in the control of the infection.
Materials and methods

Strain tested
The test was carried out on a S. parasitica strain isolated from skin lesions of Perca fluviatilis Linnaeus (Percidae) and obtained in pure form through serial transplants on GY agar medium: Bacto Agar, (DIFCO) 15 g; Bacto yeast extract (DIFCO) 2.5 g; D-(+)-Glucose 5 g; in 1 l of deionised water (Min et al., 1994) , with the addition of 6 mg of penicillin and 10 mg of oxolinic acid (Alderman & Polglase, 1986) . The purified strain was kept at 18°C on GY agar and transplanted at regular intervals.
Inoculum
In order to obtain a standardised inoculum, the S. parasitica strain was transplanted on to GY agar and incubated at 18°C for 48-72 h; subsequently, the inocula were obtained by taking mycelium-bearing agar cylinders from the most external centimetre of the culture using a 4 mm diameter punch (Alderman, 1982) obtained by shaping a glass cannula (Photo 1).
Products tested
Sixteen essential oils listed in Table 1 , produced by a certified firm UNI EN ISO 9002 (Flora srl, Lorenzana, Pisa, Italy), were assayed. They were obtained from the plants by hydrodistillation, except for lemon oil which was obtained by cold squeezing. Another 37 pure principles (SigmaAldrich, CH; Curt Georgi Imes, Milano, Italy) were also tested belonging to different chemical classes (hydrocarbons, alcohols, phenol compounds, aldehydes, ketones) normally present in the tested essential oils at various concentrations (Table 2) .
Gas chromatography-mass spectroscopy analyses of the oils tested
The essential oils were analysed by gas chromatography alone and gas chromatography/mass spectroscopy (GC/MS) at the Dipartimento di Chimica Biorganica e Biofarmacia of the University of Pisa (Italy). The GC analyses were accomplished with a HP-5890 Series II instrument equipped with HP-WAX and HP-5 capillary columns (30 m ¥ 0.25 mm, 0.25 mm film thickness), working with the following temperature program: 60°C for 10 min, ramp of 5°C/min up to 220°C; injector and detector temperatures 250°C; carrier gas nitrogen (2 ml/min); detector dual FID; split ratio 1 : 30; injection of 0.5 ml. The identification of the components was performed, for both the columns, by comparison of their retention times with those of pure authentic samples and by mean of their linear retention indices (LRI) relative to the series of n-hydrocarbons. The relative proportions of the essential oil constituents were percentages obtained by FID peak-area normalisation, all relative response factors being taken as one.
GC/EIMS analyses were performed with a Varian CP-3800 gas chromatograph equipped with a DB-5 capillary column (30 m ¥ 0.25 mm; coating thickness 0.25 mm) and a Varian Saturn 2000 ion trap mass detector. Analytical conditions: injector and transfer line temperatures 220 and 240°C respectively; oven temperature programmed from 60°C to 240°C at 3°C/min; carrier gas helium at 1 ml/min; injection of 0.2 ml (10% hexane solution); split ratio 1 : 30. Identification of the constituents was based on comparison of the retention times with those of authentic samples, comparing their linear retention indices relative to the series of nhydrocarbons, and on computer matching against commercial (NIST 98 and ADAMS) and home-made library mass spectra built up from pure substances and components of known oils and MS literature data (Stenhagen et al., 1974; Massada, 1976; Jennings & Shibamoto, 1980 ; Swigar & Figure 1 . Obtainment of inocula using a 4-mm diameter punch. Silverstein, 1981; Davies, 1990; Adams, 1995) . Moreover, the molecular weights of all the identified substances were confirmed by GC/CIMS, using MeOH as CI ionizing gas. All the analyses were performed in triplicate.
Execution of the test
The test was executed in a continuously agitated broth, a methodology developed at the laboratory of Mycology of the Faculty of Veterinary Medicine, Bologna (Italy), following Deans' directions (1991) . Such a technique, which is based on cultures in a continuously agitated broth in order to achieve better contact between mycetes and the essential oil under test, proved in practice to be simpler and more repeatable compared with other methods applicable to Saprolegniaceae, especially in the study of essential oils , since it allows both the minimum inhibiting concentration (MIC) and the Minimum Lethal Concentration (MLC) to be assessed at the same time.
For every mycete under test, glass flasks were used each containing 50 ml of sterile GY broth: Bacto Yeast Extract (DIFCO) 2.5 g; D-(+)-Glucose 5 g in 1 l of deionised water. One flask was used as control while products to be tested were added to the other flasks so as to obtain final concentrations of 50, 100, 250, 500 and 1000 ppm for essential oils and 10, 50, 100, 200, 250, 500 and 1000 ppm for pure principles. The inoculum was then introduced into each flask under sterile conditions. The flasks so prepared were placed in the thermostat at 18°C on a stirrer and submitted to continuous agitation at 150 rpm throughout the incubation time (7 days). After this period, the broth cultures were controlled to verify the growth and/or the possible inhibition of the mycelium (MIC) (Photo 2). Subsequently, all the inocula present in the broth, with or without obvious mycelial growth, were seeded on dishes containing GY agar medium, by previous washing with saline to remove possible residues of the product under test. The dishes so obtained were incubated at 18°C for 7 days in order to detect the presence or absence of growth on agar, thus determining the concentra- tion of the product capable of causing not only the growth inhibition but also the death of the mycelium (MLC) (Photo 3).
Results
The results obtained with the essential oils are reported in Table 3 . A good antifungal activity was shown by the essence of Cymbopogon flexuosus, with MIC and MLC = 100 ppm, as well as Cinnamomum verum, Thymus vulgaris, Origanum vulgare that have a fungistatic activity = 100 ppm and a fungicidal activity = 200 ppm, and Satureja montana with MIC and MLC = 200 ppm.
The results of gas chromatography/mass spectroscopy analysis are reported in Table 4 . In addition to the main listed components, each essential oil was composed of many compounds belonging to many chemical classes. Some of them were tested against S. parasitica and the results are reported in Table 5 .
Among the terpenoidic hydrocarbons under test, the monocyclic a-terpinene, g-terpinene and limonene, even at the maximum concentration of 1000 ppm, did not exhibit any inhibiting activity against S. parasitica, irrespective of the position of the insaturation centres. Among the hydrocarbons tested, the sole compound with fungistatic and fungicidal activity at 200 ppm was p-cimene, probably due to the presence in its molecule of the aromatic ring which is absent in the other compounds tested.
The bicyclic terpenic hydrocarbons a-and b-pinene proved to be inactive and very slightly active at 1000 ppm, respectively, whereas d-3-carene was effective at the concentration of 500 ppm for both MIC and MLC.
The sesquiterpenic hydrocarbon b-caryophyllene did not show any activity at the concentrations tested, nor did the saturated open-chain hydrocarbon undecane.
As a rule, terpenic compounds with alcoholic function generally showed higher fungistatic and fungicidal activity compared with hydrocarbons.
The most active acyclic monoterpenic alcohols were those with a primary alcoholic function at the end of the chain (in ascending order of efficacy: nerol, geraniol, b-citronellol); linalool, conversely, showed MIC and MLC markedly higher than those of the other alcohols assayed, perhaps due to the presence of the tertiary alcoholic function directly located on the ring.
A comparison of b-citronellol, nerol and geraniol suggests that the higher activity of the first compound is due to the unique insaturation located between the carbon atoms 4 and 8, while the double unsaturation of the other two compounds could unfavourably affect their activity.
Cyclic monoterpenic alcohols exhibit diversified activities according to their different structures: the most active ones are cumic alcohol and perillyl alcohol, both with the primary alcoholic function outside the ring; of the two compounds, the former, that has also the aromatic ring, shows the highest activity; carveol and 4-terpineol, both having the hydroxyl group linked to the ring (the first tertiary and the second secondary), show weak activity, while menthol is inactive, perhaps due to the lack of insaturations. The non-terpenic alcohol with the open linear chain 1-decanol was the most active among the various compounds analysed, with fungicidal activity at concentrations ≥50 ppm, as shown also by other surveys carried out on Candida albicans . It may be supposed that the 10-carbon-atom open chain with a primary alcoholic function at end of the chain, as observed in monoterpenic alcohols, and the lack of insaturations are prerequisite for a strong fungicidal activity even at the lowest concentrations used.
The oxygenated furanic monoterpene menthofuran proved to be active, with a MIC and a MLC = 200 ppm.
Among the phenolic compounds, aromatic monoterpene carvacrol, with a MIC = 50 ppm and a MLC = 100 ppm, proved to be one of the most effective antifungal agents assayed.
Regarding the other phenolic compounds of phenyl propanoidic origin, eugenol and eugenol methyl ether, the higher activity of the former seems to be due to the free phenolic function as opposed to the methylated function of the latter. The analysis of the structures seems to suggest that the activity may depend upon both the presence of the aromatic ring and the presence of free phenol hydroxyl group.
Also, the marked fungistatic and fungicidal activity of the irregular aldehyde trans-cinnamaldehyde (MIC and MLC = 100 ppm) may depend upon the aromatic ring or the aldehyde function outside the cycle.
The same antifungal activity was shown by citral in which the aldehyde function is inserted in an acyclic monoterpenic structure.
Generally, terpenic compounds with a ketone function showed a lower antifungal activity compared with alcohols. Indeed, both the monocyclic ketone menthone and the bicyclic ketone thujone are active only at 500 ppm, fenchone has only fungistatic action at 1000 ppm, and verbenone is ineffective.
The weak antifungal activity of acyclic terpenic ester linalyl-acetate is characterised by MIC = 500 ppm and MLC = 1000 ppm, and a similar behaviour is observed with linalool: the esterification of the thertiary hydroxyl group of linalool with acetic acid does not modify its activity against S. parasitica.
Likewise, the aromatic ester methyl-anthranilate proved to be scarcely efficacious although bearing the aromatic ring in its structure: probably, the aminic function and the presence of esteric moiety reduce its activity.
The comparison of the essential oils activity against S. parasitica with that of their main pure constituents in most of cases showed to be related (Table 6 ).
The strong antifungal activity of the essential oil of Cymbopogon flexuosus is consistent with that of neral and geranial (citral), its main constituents which account for 60% of the composition of the oil.
The activity of the essential oils of Thymus vulgaris and Origanum vulgare appears to be conditioned by the considerable inhibiting presence of carvacrol (MIC = 50 ppm and MLC = 100 ppm) and to, a lesser extent, of p-cymene. Regarding the essence Satureja montana, the main constituent oil is still carvacrol which, however, is present in smaller amount (27.1%); this might explain the slightly lower inhibiting effect. The essential oils of Melaleuca alternifolia, Eucalyptus globosus, and Rosmarinus officinalis, with MIC ≥1000 ppm, did not yield significant results and also their main compounds proved to be less active.
The activity of the other essential oils is not always exactly equal to that of the main pure constituents: in some cases, in fact, the pure principle is much more active than the oil or, conversely, the activity of the essence is not justified by the activity of its main components. It should be considered, however, that each essential oil does not contain 100% of individual products, but these are variously combined with one another, and synergism or antagonism phenomena cannot be ruled out that may increase or decrease the effects of single substances.
Discussion
The final considerations of the present paper can be essentially divided into two parts. The first regards the evaluation of the activity of essential oils compared with that of the main constituents. A large proportion of them showed a significant correlation between the effect of the essential oil and its chemical composition. For example the essential oils with a high percentage of carvacrol, which was very active, had a higher efficacy against S. parasitica, in accord with other papers (Perrucci et al., 1995; Tampieri et al., 2001) . In other cases, the inhibiting or fungicidal activity of the oil is not perfectly explained by the activity of its individual components: in some cases, the pure principle present in larger amount is markedly more active than the oil or, conversely, the activity of the essence is not justified by the activity of its main components. It should be considered, however, that each essential oil never contains 100% of individual products, but they are variously combined with one another, whereas synergism or antagonism phenomena likely to increase or decrease the effects of individual substances cannot be ruled out.
A second consideration regards the molecular structures of pure compounds analysed for their inhibiting or fungicidal activity against S. parasitica. With the exception of pcymene, the hydrocarbons of terpenic origin and the only hydrocarbon of the alkane series tested do not seem to be particularly interesting as usable antifungal agents against S. parasitica.
Generally, terpenic compounds with an alcoholic function showed a higher fungistatic and fungicidal activity compared with other hydrocarbons.
l-Decanol, a non-terpenic alcohol with 10-carbon-atom open linear chain, was the most active of the various compounds utilised, with fungicidal activity at concentrations ≥50 ppm. It may be hypothesised that the chain formed by 10 carbon atoms with alcoholic function at the extremity, as also observed in monoterpenic alcohols, and the absence of insaturations give the molecule a special, strong fungicidal activity even at the lowest concentrations used. Among these classes of compounds further studies could be carried out to find new products to be used in the control of the infection.
